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ABSTRACT
A multi-wavelength analysis of the large Galactic infrared bubble N 24 is has been presented
in this paper in order to investigate the molecular and star formation environment around ex-
panding H ii regions. Using archival data from Herschel and ATLASGAL, the distribution and
physical properties of the dust over the entire bubble are studied. Twenty three dense clumps
are identified using the Clumpfind2d algorithm with sizes and masses in the range 0.65–1.73
pc and 600–16300 M, respectively. To analyse the molecular environment in N 24, observa-
tions of NH3 (1,1) and (2,2) were carried out using the Nanshan 26-m radio telescope. Analy-
sis of the kinetic temperature and gravitational stability of these clumps suggests gravitational
collapse in several of them. The mass-size distributions of the clumps and the presence of
massive young protostars indicate that the shell of N 24 is a region of ongoing massive star
formation. The compatibility of the dynamical and fragmentation time-scales and the over-
abundance of YSOs and clumps on the rim suggest that the "collect and collapse" mechanism
is in play at the boundary of the bubble, but the existence of the IRDC at the edge of bubble
indicates that "radiation-driven implosion" mechanism may also have played a role there.
Key words: ISM: bubbles - ISM: individual objects: (N 24) - H ii region-stars: formation -
stars: massive
1 INTRODUCTION
The infrared (IR) dust bubble, which is a shell structure formed
by the interaction of an expanding H ii region with the surround-
ing interstellar medium (ISM), provides a target for studying the
effects of massive stellar feedback on the surrounding material.
The last decade has seen great progress towards understanding
the nature of bubbles and the star formation triggered in adjacent
shells or bright rimmed clumps (i.e., Deharveng et al. 2005, 2006,
2010; Zavagno et al. 2007; Urquhart et al. 2007; Elmegreen 2011;
Thompson et al. 2012; Kendrew et al. 2012, 2016; Dale et al. 2015).
Two mechanisms for triggering star formation around bubbles have
been proposed as models: the "collect and collapse" model (C & C,
Elmegreen & Lada 1977) and "radiation-driven implosion" model
(RDI, Bertoldi 1989; Lefloch & Lazareff 1994). In the C & C pro-
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cess the outward expanding H ii region compress and collect the
swept up medium into a region between the ionization front (IF)
and the shock front (SF). This shell between the IF and SF will
become denser and may collapse to form stars. By contrast, in the
RDI process, the IF drives the SF into the surrounding molecular
cloud, stimulating the collapse of pre-existing subcritical clumps to
form stars. Recently, several observational studies and numerical
simulations have supported that those two mechanisms, especially
the C & C mechanism, can successfully explain star formation in
several H ii regions, but they are not conclusive (see i.e., Dale et al.
2007a,b; Lee & Chen 2007; Bik et al. 2010; Petriella et al. 2010;
Bisbas et al. 2011; Ercolano et al. 2012). Various efforts have been
made to find evidence that bubbles trigger star formation, including
individual source studies (i.e., Ji et al. 2012; Yuan et al. 2014; Das et
al. 2016; Liu et al. 2016; Duronea et al. 2017) and statistical studies
(Thompson et al. 2012; Kendrew et al. 2012). However, the major-
ity of observational studies take a phenomenological approach and
frequently conclude with open questions as well as uncertainties
c© 2018 The Authors
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(Kendrew et al. 2012). In addition, most of the well studied bub-
bles are relatively small in size, and investigations of large bubbles
with radii > 5 arcmin are relatively rare (Yuan et al. 2014). A large
bubble with a long enough time to sweep up surrounding mate-
rial would make it easier to find evidence of a triggered formation
of new generation stars. To increase the observational sample of
large bubbles for the study of star formation in their vicinity, we
have selected a large Galactic infrared dust bubble N 24 cataloged
by Churchwell et al. (2006) to carry out a multi-wavelength and
molecular spectral line study.
N 24 is a large IR bubble in the inner Galaxy at l = 18.◦908,
and b = −0.◦315 with an effective radius of 10′.93 (Simpson et al.
2012), corresponding to ∼ 15 pc at a distance of 4.6 kpc (Dehar-
veng et al. 2010). In a recent detailed study, Kerton et al. (W 39,
2013) compared H i absorption spectra and Galactic rotation mod-
els and found a velocity VLSR ∼ 64.5 ± 0.5 km s−1 for this region
and confirmed an average (near) kinematic distance of 4.5±0.2 kpc.
These authors also estimated an evolutionary age of 106 years for
this H ii region. The hierarchical bubble morphology is best seen
in the mid-infrared (left image of Fig. 1). Enclosed by an 8.0 µm
shell that is generally produced by the absorption of far-ultraviolet
photons from the H ii region by polycyclic aromatic hydrocarbons
(PAHs), the extended 24 µm emission inside the bubble is believed
to result from hot dust grains that have been heated by absorption
of Lyman continuum photons near the central ionized stars. Sev-
eral 8 µm absorption features inside and on the rim of the bubble
indicate infrared dark cloud (IRDC) structures that have been cata-
loged in the IRDC catalogs of Simon et al. (2006). The catalogued
IRDCs inside the bubble appear to have little to do with N 24, as
discussed in Section 3.3.3. The single IRDC in the distorted sec-
tion of the rim (the cyan rectangle on the left of Fig. 1) is bordered
by bright 8 µm features that appear to be the result of the bubble
expanding and interacting with it. In the right panel of Figure 1,
the IRDCs are clearly visible in the Herschel data, which indicates
that these structures most likely trace the collected neutral mate-
rial in cold and dark molecular clouds. The advantage of studying
the dust properties of the entire bubble with a widespread wave-
length coverage (from 70 to 500 µm) and at high resolution is that
the spectral energy distribution (SED) of young stellar object can-
didates (YSOs) at earlier phases can be better constrained and the
physical parameters can be more accurately estimated.
In this work, we adopt the numerical results of Kerton et al.
(2013) for N 24 and add far-infrared observations carried out by the
Hershel Space Observatory and ammonia data observed from Nan-
shan Observatory. We use these data to further investigate the in-
teraction of the bubble with its surroundings by studying the dense
clumps around it and to explore the possible scenario of triggered
star formation. The data are described in Section 2, and the results
and analysis are presented in Section 3 with a summary in Section
4.
2 OBSERVATIONS AND DATA SETS
2.1 Archive data
Mid-infrared data of the region towards N 24 have been obtained
from the archives of the Spitzer Space Telescope (Werner et al.
2004). Images in four IRAC bands centered at 3.6, 4.5, 5.8, and
8.0 µm with spatial resolutions ranging from 1′′.7 to 2′′ have been
taken from the Galactic Legacy Infrared Midplane Survey Extraor-
dinaire (GLIMPSE) survey (Benjamin et al. 2003). The 24 µm im-
age with a resolution of 6′′ has been obtained from the MIPS Galac-
tic Plane Survey (MIPSGAL) survey (Rieke et al. 2004; Carey et
al. 2009). These data have been used to investigate the structure of
the bubble and the classification of the clumps.
Far-infrared data have been obtained from the ESA
Herschel Space Observatory Infrared Galactic (Hi-GAL) Plane
Survey. The Hi-GAL plane survey is an Open Time Key Project
(Pilbratt et al. 2010; Molinari et al. 2010) that mapped the Inner
Galactic plane at 70 and 160 µm with the Photoconductor Array
Camera and Spectrometer (PACS, Poglitsch et al. 2010) and at 250,
350, and 500 µm with the Spectral and Photometric Imaging Re-
ceiver (SPIRE, Griffin et al. 2010). The spatial resolution of the im-
ages are 6′′, 12′′, 18′′, 24′′, and 35′′ for the five wavelength bands
(Molinari et al. 2010), respectively. These data are used to investi-
gate the physical properties of cold dust emission associated with
N 24.
Sub-mm data have been obtained from the Atacama Pathfinder
Experiment Telescope (APEX) Large Area Survey of the Galaxy
(ATLASGAL) (Schuller et al. 2009). The ATLASGAL is an un-
biased 870 µm sub-millimeter survey of the Inner Galactic plane
carried out with the Large APEX Bolometer Camera (LABOCA,
Siringo et al. 2009). At this wavelength, the APEX Telescope has
a full width at half-maximum (FWHM) beam size of 19′′.2. Us-
ing this data, we investigate the physical properties of the cold dust
clumps. In addition, we used the 20 cm radio continuum emission
data obtained from the Multi-Array Galactic Plane Imaging Survey
(MAGPIS) with an angular resolution of about 5′′ (Helfand et al.
2006).
To trace the molecular gas, we used the 13CO (1-0) observa-
tions extracted from the Boston University (BU) and the Five Col-
lege Radio Astronomy Observatory (FCRAO) Galactic Ring Sur-
vey (GRS, Jackson et al. 2006). The angular resolution is 46′′ and
the velocity resolution is 0.21 km s−1 covering a range from -5 to
+135 km s−1.
2.2 Molecular Observations
In order to survey the molecular emission, we observed NH3 (1,1)
and (2,2) line emission using the Nanshan 26 meter radio tele-
scope (NSRT) of the XinJiang Astronomical Observatory, Chinese
Academy of Sciences in March 2018. The rest frequency was set
at 23.708564 GHz for observing NH3 (1,1) at 23.694495 GHz and
NH3 (2,2) at 23.722633 GHz, simultaneously. The typical system
temperature is about 50 K, the FWHM beam of the telescope is
115′′ obtained from point-like continuum calibrators, and the ve-
locity resolution is 0.098 km s−1 provided by an 8192 channel Dig-
ital Filter Bank in a 64 MHz bandwidth mode. Mapping observa-
tions were made using the on-the-fly (OTF) observing mode with a
6′ × 6′ grid size and a 30′′ ( 14 beam) sample step. The antenna tem-
perature corrected for atmospheric attenuation given by the system
was T ∗a , whose values were calibrated against periodically (6 s) in-
jected signals from a noise diode. The main-beam brightness tem-
perature was derived using the relationship Tmb = T ∗A/ηmb, where
the main beam efficiency ηmb is 0.66. The telescope pointing and
tracking accuracy is better than 18′′. The Tmb scale has an estimated
calibration uncertainty of about 14 % (Wu et al. 2018).
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Figure 1. Left: The mid-IR emission of bubble N 24: composite three-colour image made from Spitzer GLIMPSE and MIPSGAL data (4.5 µm = blue, 8 µm =
green, and 24 µm = red). The red and purple ellipses represent the large and small bubbles located in and around the N 24 shell. The white pentagram denotes
the position of the exciting star(s), which was located in l = 19.◦025, and b = −0.◦38 and has been identified by Kerton et al. (2013). The cyan box represents
the location of the IRDC on the rim of bubble. Right: The far-IR emission of bubble N 24: a Herschel three-colour image from PACS and SPIRE data (70 µm
= blue, 250 µm = green, and 350 µm = red). The white ellipse shows the approximate extent of the bubble, which is best seen in infrared images.
3 RESULTS AND ANALYSIS
3.1 Ionized Emission
Figure 2 shows the contour map of the ATLSAGAL 870 µm emis-
sion superimposed on the MAGPIS radio-continuum image at
20 cm, along with the position and velocity of cm-wavelength ob-
servations of the RRLs H85α, H87α, and H88α (Lockman 1989).
Sub-millimeter waveband 870 µm emission is a tracer of cold dust,
and 20 cm emission is generally considered to be free-free contin-
uum emission from ionized gas, which can be used to trace the
ionising influence of the H ii region. The ionised gas in N 24 is
spatially associated with the hot dust grains and is surrounded by
a ring of PDRs indicating the strong effects of the H ii region on
its surrounding. Four compact H ii regions (G 18.88-0.49, G 18.94-
0.43, G 19.04-0.43, and G 19.07-0.28) in Figure 2 are found to lie
on the ridge of emission. In addition, more bubbles or H ii regions
have been identified on the periphery of N 24 by the more than
3,500 astronomical volunteers and experts (Simpson et al. 2012)
in the 8 µm Spitzer-IRAC and 24 µm Spitzer-MIPSGAL data (see
the left of Fig. 1. Red and purple ellipses represent the large and
small bubbles, respectively). The structure and age of N 24 are con-
sistent with triggered star formation. The long evolution of N 24
would have provided enough time for sweeping up the surrounding
material and for the mass in the shell to reach the extent, where
gravitational instability resulted in the collapse of new stars. The
newly formed stars then ionised their surrounding matter to form
new H ii regions. Kerton et al. (2013) roughly estimated the age of
the G 19.07-0.28 region at about 105 years, and they concluded that
the probable timescale for the expansion of N 24 and the likely ages
of the secondary regions of massive star formation are consistent
with a scenario of triggered star formation.
3.2 Dust Emission
Because N 24 is large and contains complex molecular structure,
we show the integrated velocity channel maps of the GRS 13CO (1-
0) emission in this region from 59.0 to 71.0 km s−1 in steps of
Figure 2. The ATLASGAL 870 µm contours superimposed on the MAGPIS
20 cm continuum image of the N 24 region (σ=0.06 Jy/beam; contour levels
3, 10, 20, 30,40, 60, 90σ). The grey-scale color bar is in units of Jy/beam.
Crosses indicate the positions of RRL observations from Lockman (1989),
together with the peak VLSR (km s−1) with its uncertainty. The position of
the H ii region G 18.94-0.43 given by Kerton et al. (2013) is also shown.
The N 23 region and its associated clumps clearly have no association with
N 24. The white ellipse is the same as shown in Figure 1.
1.0 km s−1 in order to better determine the corresponding velocities
of different components (see Fig. 3). Two molecular condensations
that are spatially associated with small H ii regions are detected at
60.0 to 69.0 km s−1 in the East and South of the shell, suggesting
that they are physically related to N 24. Figure 2 shows that the dis-
tribution of 870 µm emission is consistent with that of molecular
emissions. These condensations are associated with the H ii regions
G 18.88-0.49 and G 19.07-0.28 and form a shell surrounding the
central H ii region, suggesting that this H ii region is expanding and
sweeping up surrounding material and that feedback from massive
stars is taking place. However, several molecular emissions are also
detected at 63.0 to 68.0 km s−1 inside the bubble, which are asso-
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Figure 3. Integrated velocity channel maps of the GRS 13CO (1-0) emission
at 1.0 km s−1 intervals from 59.0 to 71.0 km s−1 (in green) superimposed on
the 8 µm emission (in red). The contour levels of the 13CO (1-0) emission
are 1 to 11.5 K km s−1 by 1.5 K km s−1.
ciated with IRDCs and may be not directly related to N 24 (see
Section 3.3.3).
3.2.1 Dust Temperature and Column Density Distributions
Assuming optically thin dust emission, we studied the properties of
dust emission using the Herschel data for four bands at 160, 250,
350, and 500 µm. To obtain the distribution of the dust temperature,
a pixel-by-pixel spectral energy distribution (SED) fitting has been
performed on the data. First, we convolved and regridded the 160,
250, and 350 µm images to the lowest resolution 35′′ and largest
pixel size 11′′.5 of the 500 µm image. Then a grey body function
(Ward-Thompson & Robson 1990) for a single temperature can be
expressed as follows:
Fν = ΩBν(Td)(1 − e−τ), (1)
where Ω is the effective solid angle corresponding to each pixel,
Bν(Td) is the Plank function at the dust temperature Td, which is
defined as Bν(Td) = (2hν3/c2)[exp(hν/kT ) − 1]−1, where h is the
Planck constant, ν is the frequency, c is the speed of light, and k is
the Boltzmann constant. The optical depth τ is given by the relation
τ = (ν/νc)β, where β = 2 is the dust emissivity index, which is a
statistical value found in a large sample of H ii regions (Anderson
et al. 2012), and νc is the critical frequency at which τ = 1. The
two free parameters used in the fitting are the dust temperature Td
and the critical frequency νc. We assigned an uncertainty of 20 %
to each Herschel flux and use it as a calibration error (Faimali et al.
2012). The quality of the SED fitting is assessed via a χ2 minimi-
sation, by considering the observed flux at each the four Hi-GAL
wavebands available for every individual association.
Subsequently the ATLSAGAL 870 µm image was convolved
and regridded to the lowest resolution and largest pixel size of the
500 µm image. The hydrogen molecular column density distribu-
tion of N 24 was then calculated pixel by pixel:
NH2 =
S νR
Bν(Td)ΩκνµmH
, (2)
where S ν is 870 µm flux density and mH is the mass of an hydrogen
atom. µ is the mean molecular weight of the interstellar medium, R
is the dust-to-gas ratio, κν is the dust absorption coefficient, which
we assume to be equal to 2.8, 100, 1.85 cm2g−1, respectively (i.e.,
Kauffmann et al. 2008; Schuller et al. 2009; Csengeri et al. 2014).
The resulting map of the dust temperature in Figure 4 shows dust
heating from the interior to the edge of N 24, and nearly matches
with the contours for the 70 µm emission. The shell morphology
seen at mid-IR wavebands and the relatively higher dust tempera-
ture in the shell of the bubble suggest that the large H ii region N 24
has been heating its surroundings. In spite of the second-generation
bubbles distributed on the shell mixed with the large H ii region
making the temperature distribution appear complex, the higher
temperatures are found mostly in the diffuse regions heated by the
H ii regions and areas associated with YSOs in the shell. The anti-
correlation between NH2 and Tdust may be attributed to the dense
cores being formed by cold dust where the external heating from
the H ii region is lower.
3.2.2 Dense Clumps Identification and Physical Parameters
Based on the distribution of hydrogen molecular column density,
the Clumpfind2d algorithm was used to identify dense clumps
(Williams et al. 1994). First, the root mean square (rms) of the col-
umn density map was derived based on a background noise esti-
mate of 4 × 1020 cm−2 from weak-emission regions. Then the level
range from a threshold of 4 δ to 20 δ was set with increments of
2.5 δ (where, δ is equal to the rms noise level), which is similar
to the previous parameters used (i.e., Lu et al. 2014; Ohashi et al.
2016). Twenty-three possible dense clumps associated with N 24
and seven possible dense clumps associated with IRDCs inside the
bubble were identified within the NH2 map. These results match
to the greatest extent the dense clumps identified by Urquhart et
al. (2018) using the GaussClump algorithm within the ATLAS-
GAL 870 µm emission map. Twenty-three of our 30 clumps have
a counterpart while clumps 3, 4, 18, 19, 22, 23, B have no coun-
terparts. Eighteen clumps are within an angular distance of 15 arc-
sec, of which twelve are in the shell and six are associated with
IRDCs. Pineda et al. (2009) queried different parameter settings
in the Clumpfind2d algorithm for slightly different results and it
works consistently for relatively isolated clumps. Adopting the out-
put from the Clumpfind2d algorithm it should be noted that the
clumps identified around N 24 are located in three distinct regions
NE, Centre, and SW in Figure 4 (left). The three pictures in Figure
4 (right) show the relative position and size of the identified clumps.
The two regions NE and SW in the bubble shell are also the main
regions where Kerton et al. (2013) studied YSOs, suggesting that
the expanding H ii region formed dense molecular clouds and fur-
ther triggered star formation. It should be noted that the clumps
16, 17, 19, 20, and 21 are coincident with the IRDC at the SW
edge of the bubble in Figure 4 (right). This IRDC probably existed
before bubble expanded, so we cannot ignore the possibility that
these clumps and YSOs are part of the same star forming environ-
ment that formed N 24, and the clumps would have formed stars
without the influence of the bubble. The seven clumps in the Cen-
tre region are associated with IRDCs and appear to have little to do
with the expanding H ii region and will not be discussed further in
this paper.
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Figure 4. Left: The map of the dust temperature determined by pixel by pixel SED fitting. The black contours define the 70 µm emission and several crimson
pentagrams represent the positions of point sources associated with clumps. The white ellipses approximately trace the profile of the N 24 shell. Right: Three
maps of the H2 column density corresponding to the three positions on the left. Frames NE and SW represent the region on the shell, while frame Centre
represents the region of IRDCs inside the bubble. The identified clumps are shown as thick black contours, The red crosses represent the densest position of
these clumps. The blue pentagrams denote the point sources shown in the left frame. The purple box represents the location of the IRDC which is the same as
shown in Figure 1. The color bars of left and right figures are given in units of K and 1022cm−2, respectively.
In order to determine the evolutionary stages of the 23 clumps
in the NE and SW regions, a visual inspection was done using the
mid-infrared images (3.6, 4.5, 8.0, and 24 µm), and the MAGPIS
20 cm (Helfand et al. 2006), Hi-GAL 70 µm (Poglitsch et al. 2010)
emission images as described by Foster et al. (2011) and Hoq et al.
(2013). To increase the reliability of this determination, the 24 µm
highly reliable point sources from the MIPSGAL catalog were also
used to match the clumps (i.e., He et al. 2016). All 23 clumps were
assigned a consecutive evolutionary stage: quiescent (pre-stellar),
proto-stellar, and H ii region. In principle, a pre-stellar clump ap-
pears dark at 3.6, 4.5, 8.0, 24, and 70 µm, and has no embed-
ded massive YSOs. Proto-stellar clumps have 24 µm point sources,
70 µm compact emission or are associated with extended 4.5 µm
emission that is likely associated with shocks generated by molec-
ular outflows (Hoq et al. 2013). Clumps that have 20 cm emission
and are associated with a compact H ii region that emits extended
8.0, and 24 µm emissions are also classified as H ii. However, in
practise the size of the H ii regions around N 24 are so large that
they can not be designated as single clumps. Therefore clumps that
are close to the center of a H ii region, but do not contain the whole
H ii region and do not have a 24 µm point source, will still be cate-
gorised as an H ii region. The classification is shown in column 10
of Table 1.
Assuming optically thin dust emission, the clump masses were
derived using a similar method as used for determining the H2 col-
umn density via the formula:
M =
D2S νR
Bν(Td)κν
, (3)
where D is the heliocentric distance to the clumps, S ν is the 870 µm
flux density, Bν(Td) is the Plank function for a dust temperature Td,
and the parameter settings of R and κν are the same as those in
Section 3.2.1. Assuming that each clump has a spherical geometry,
the average volume density may be derived as:
nH2 = 3M/(4piR
3
effµmH) (4)
where M is the mass that was derived from the 870 µm flux, mH
is the mass of an hydrogen atom, Reff is the effective radius of the
structure output from the Clumpfind2d algorithm, and the mean
molecular weight µ is assumed to be 2.8. Finally, a summary of
the aforementioned physical parameters of 23 clumps are given in
Cols. 5-9 of Table 1. The effective radius, peak dust temperature,
peak column density, mass, and volume density of these molecular
clumps fall in the range of 0.65-1.73 pc, 16.3-24.2 K, 0.24-4.01 ×
1022 cm−2, 0.60-16.30 × 103 M, 4.79-13.44 × 103 cm−3, respec-
tively. And the mean values of these parameters are 0.92 ± 0.06 pc,
20.8 ± 0.5 K, 0.86 ( ± 0.19) × 1022 cm−2, 2.66 ( ± 0.81) × 103 M,
7.75 ( ± 0.46) × 103 cm−3, respectively. Figure 5 shows the distri-
bution of the volume density versus the peak H2 column density for
the 23 clumps. Compared with the clumps around the edge of the
large bubble, the clumps around second-generation bubbles tend to
have a larger column density and volume density, which suggests
that these bubbles provided additional feedback making the clumps
more dense.
3.3 Molecular Line Emission
3.3.1 Kinetic temperature
Ammonia (NH3) inversion transitions are widely used as a spectro-
scopic tool to study the physical properties of dense gas in the ISM
because of the lack of depletion for the molecule, its favourable hy-
perfine structure, and its sensitivity to kinetic temperature (Ho &
Townes 1983; Walmsley & Ungerechts 1983; Tafalla et al. 2004).
The energy levels of NH3 K=1 and K=2 are forbidden transitions,
so that the intensity ratio of NH3 (1,1) and (2,2) lines is only sen-
sitive to collisions, thus making the NH3 molecule a temperature
tracer. The NH3 (1,1) and (2,2) lines were observed simultane-
ously. Figure 6 shows the velocity-integrated intensity map of the
NH3 (1,1) emission as contours superimposed on the GRS 13CO (1-
0) line emission map integrated from 60.0 to 70.0 km s−1. The inte-
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Table 1. Characteristics of twenty-three dust clumps.
Number Clump name R.A. Decl. Reff Tdust,peak NH2 ,peak Mclump nH2 Stage
J2000 (deg) J2000 (deg) (pc) (K) (1022cm−2) 103M 103cm−3
1 G 19.058-00.209 276.62293 -12.419557 0.81±0.04 23.1±2.6 0.70±0.11 1.35±0.23 8.78±2.80 Proto-stellar
2 G 19.072-00.202 276.62327 -12.403908 0.72±0.03 22.5±2.5 0.44±0.07 0.76±0.12 7.00±1.99 Pre-stellar
3 G 19.079-00.221 276.64382 -12.406570 0.77±0.03 24.2±3.0 0.29±0.05 0.68±0.12 5.16±1.51 Pre-stellar
4 G 19.067-00.237 276.65235 -12.425086 0.75±0.03 21.7±2.4 0.28±0.04 0.68±0.11 5.55±1.47 Pre-stellar
5 G 19.076-00.249 276.66776 -12.422273 0.85±0.04 21.8±2.4 0.50±0.08 1.20±0.19 6.76±2.02 Pre-stellar
6 G 19.067-00.266 276.67887 -12.438157 0.80±0.04 24.0±3.0 0.37±0.06 0.87±0.16 5.87±1.96 H ii
7 G 19.079-00.289 276.70543 -12.438254 1.64±0.07 23.1±2.9 2.48±0.48 9.49±1.84 7.44±2.39 H ii
8 G 19.057-00.300 276.70490 -12.462845 0.84±0.04 22.5±2.5 0.48±0.07 1.22±0.20 7.12±2.19 Pre-stellar
9 G 18.888-00.476 276.78006 -12.695805 1.41±0.06 17.0±1.6 4.01±0.67 10.87±1.37 13.44±3.41 Proto-stellar
10 G 18.900-00.498 276.80953 -12.693981 1.07±0.05 20.4±2.0 0.63±0.09 2.32±0.31 6.55±1.80 H ii
11 G 18.897-00.508 276.81717 -12.701291 0.73±0.03 21.2±2.2 0.67±0.10 1.14±0.17 10.13±2.76 H ii
12 G 18.863-00.480 276.77555 -12.718347 0.99±0.04 22.7±2.5 0.88±0.14 2.73±0.47 9.73±2.86 Proto-stellar
13 G 18.880-00.509 276.80997 -12.716802 0.93±0.04 21.6±2.3 0.79±0.12 2.09±0.31 8.98±2.49 H ii
14 G 18.875-00.521 276.81847 -12.726813 0.69±0.03 19.5±1.8 0.64±0.09 1.11±0.15 11.68±3.10 Pre-stellar
15 G 18.849-00.474 276.76342 -12.727943 0.98±0.04 20.2±2.0 0.37±0.05 1.40±0.20 5.14±1.36 Pre-stellar
16 G 18.824-00.486 276.76237 -12.755654 1.73±0.08 16.3±1.2 2.96±0.35 16.30±1.67 10.88±2.62 Proto-stellar
17 G 18.836-00.508 276.78391 -12.756535 0.72±0.03 18.7±1.6 0.49±0.03 0.87±0.11 8.07±2.03 Pre-stellar
18 G 18.852-00.515 276.80205 -12.744376 0.65±0.03 19.9±1.9 0.44±0.06 0.70±0.10 8.79±2.48 Pre-stellar
19 G 18.842-00.515 276.79728 -12.753226 0.67±0.03 19.3±1.8 0.49±0.07 0.72±0.10 8.26±2.26 Pre-stellar
20 G 18.856-00.531 276.81848 -12.748283 1.03±0.05 17.7±1.5 0.70±0.09 1.95±0.25 6.17±1.69 Pre-stellar
21 G 18.788-00.499 276.75698 -12.793565 0.94±0.04 17.6±1.5 0.47±0.06 1.31±0.16 5.45±1.37 Pre-stellar
22 G 18.776-00.460 276.71586 -12.786022 0.68±0.03 21.0±2.2 0.35±0.05 0.60±0.09 6.57±1.86 Pre-stellar
23 G 18.763-00.467 276.71601 -12.800786 0.84±0.04 21.6±2.3 0.24±0.04 0.82±0.13 4.79±1.44 Pre-stellar
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Figure 5. The volume density versus the peak H2 column density for 23
identified clumps. The red circles represent the clumps around second-
generation bubbles, while the black diamonds represent clumps surrounding
the large H ii region of N 24.
gration range of the NH3 (1,1) emission is also from 60.0 to 70.0 km
s−1 to cover the main group of hyperfine components (∆ F=0, Ho
& Townes 1983), considering that the satellite lines (∆ F=±1) are
usually not accessible and the signal-to-noise (S/N) ratios may re-
duce if the velocity-integrated intensity includes the satellite lines.
Figure 6 shows that the distribution of ammonia molecules is spa-
tially well correlated with the distribution of 13CO emission, while
ammonia traces the denser regions. The emission region located
south of the N 24 bubble with many small bubbles and strong 8 µm
emission is more prominent than other regions, which indicates that
intense star formation activities are ongoing in this region.
Figure 6. Velocity-integrated intensities of the NH3 (1,1) emission overlaid
on the integrated velocity map of the GRS 13CO (1-0) emission, both inte-
grated over 60 to 70 km s−1. The contour levels of the ammonia emission
start at 5σ with steps of 4σ (σ = 0.05 K km s−1). The color bar is given
in units of K km s−1. The observation limits of the ammonia are indicated
with yellow dashed lines. The yellow and red filled circles at the bottom left
illustrate the half-power beam size of ammonia and 13CO, respectively. The
white ellipse designates the main bubble N 24 as shown in Figure 1.
Assuming that the emissions from different NH3 energy levels
have an equal beam-filling factor, and that the excitation tempera-
ture is constant along the line-of-sight, and that the radiation pro-
cesses occur under conditions of local thermodynamic equilibrium
(LTE), then the rotational temperature between the (1,1) and (2,2)
inversion transitions can be derived from the following equation
MNRAS 000, 1–?? (2018)
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Figure 7. Virial Ratio versus the clump mass separated by evolutionary
stage. The black horizontal line denotes the locus of the gravitational equi-
librium with thermal and kinematic energy.
(Ho & Townes 1983):
Trot(1, 2) =
−41.5
ln( −0.282
τm(1,1)
ln(1 − ∆T ∗a (2,2)
∆T ∗a (1,1)
(1 − exp(−τm(1, 1))))
(5)
where ∆T ∗a of NH3 (1,1) and (2,2) are the observed antenna bright-
ness temperatures derived using "GAUSS" fitting in GILDAS1,
and τm(1, 1) is the main group opacity derived using the GILDAS
"NH3(1,1)" fitting method. Primary polynomial fitting is used for
baseline removal in the fitting process. Subsequently, the kinetic
temperature is obtained from the rotational temperature as derived
from a fit of kinetic and rotational temperatures using different
Monte Carlo models (Tafalla et al. 2004):
Tkin =
Trot(1, 2)
1 − Trot(1,2)42K ln
(
1 + 1.1 exp
( −16K
Trot(1,2)
)) , (6)
Finally, we used Gaussian fittings to obtain the central velocity,
and the velocity width as listed in Cols. 2-6 of Table 2. The kinetic
temperature of these molecular clumps ranges from 19.0 to 29.5 K
with a mean value of 23.5±0.6 K. Those values are slightly larger
than the dust temperature, indicating that the ammonia traces the
gas associated with the cold dust.
3.3.2 Gravitational stability of clumps
To assess the gravitational stability of these 23 clumps, we compare
the thermal mass and virial mass of the clumps using the NH3(1,1)
emissions. Assuming a density profile of ρ ∝ r−1.8 for these re-
solved clumps, the virial mass can be obtained from the average
velocity dispersion (Urquhart et al. 2013):
Mvir =
5
8 ln 2
1
1.3G
Reff∆v2avg, (7)
where Reff is the effective radius of the clump (listed in Table 1).
The average velocity dispersion of the total column of gas was es-
timated from the measured ammonia line width (Fuller & Myers
1 GILDAS (the Grenoble Image and Line Data Analysis System) is an
ensemble of routines developed by IRAM to process single antenna ob-
servation spectral line data and interference data. http://www.iram.fr/
IRAMFR/GILDAS/
Figure 8. Integrated velocity channel maps of the GRS 13CO (1-0) emission
every 0.5 km s−1 from 62.0 to 66.5 km s−1 superimposed on the IRDCs
that were outlined in the 8 µm emission map by setting a threshold below
85 MJy/sr. The contour levels of the 13CO (1-0) emission are 1.4 to 2.6 K
km s−1 by 0.2 K km s−1.
1992) as:
∆v2avg = ∆v
2
corr + 8 ln 2 ×
kTkin
mH
(
1
µP
− 1
µNH3
), (8)
where ∆vcorr is the observed NH3 line width for the resolution of
the spectrometer (∆v2corr = ∆v
2
obs −∆v2channelwidth), k is the Boltzmann
constant, Tkin is the kinetic temperature of the gas, and µp = 2.33
(i.e. Fuller & Myers 1992) and µNH3 = 17 are the mean molecu-
lar masses of molecular hydrogen and ammonia, respectively. The
uncertainty in the virial mass comes from errors of the measured
distance and source size, as well as the fitted line width, the spec-
trometer channel width, and the kinetic temperature. It should be
noted that it has been assumed that the observed NH3 line width is
representative of the whole clump when calculating the virial mass,
but in reality the line width may decrease towards the edges of the
clumps, which leads to an overestimate (Zinchenko, Henning &
Schreyer 1997). In addition, Equation (8) only considers the sim-
plest case of a virial equilibrium where gravity and velocity width
are taken into account, and neglects other influencing factors such
as an external pressure and magnetic field strength.
The estimated virial mass and virial ratio for each clump are
presented in Cols. 7-8 of Table 2 and the virial ratio is plotted ver-
sus the clump mass for our sample of clumps at different stages
of evolution in Figure 7. The virial ratio describes the competition
between the internal supporting energy and the gravitational en-
ergy. The dashed black horizontal line in the plot denotes the line
of gravitational stability: clumps below this line are likely to be un-
bound while those above this line are bound and unstable against
gravity. The mean value of 1.81 and the median value of 1.08 for
the virial ratio are both (slightly) larger than unity. The values for
the proto-stellar clumps and almost all H ii clumps are significantly
larger than unity, which indicates that these clumps are gravita-
tionally bound systems and are collapsing to form stars. On the
other hand, only five of 14 pre-stellar sources currently appear to
MNRAS 000, 1–?? (2018)
8 Li, Esimbek, Zhou, et al.
Table 2. Parameters of the twenty-three dust clumps.
Number Central velocity Velocity width τ Trot Tkin Mvir Mclump/Mvir
(km s−1) (km s−1) (K) (K) (103M)
1 62.9±0.1 2.5±0.3 1.20±0.56 18.4±1.3 22.1±2.4 0.84±0.24 1.61±0.54
2 62.9±0.2 2.7±0.3 1.02±0.65 22.6±1.7 29.5±3.7 0.88±0.23 0.86±0.26
3 65.3±0.2 3.4±0.4 0.79±0.55 20.4±1.4 25.5±2.8 1.52±0.41 0.45±0.15
4 65.4±0.2 2.7±0.4 1.56±0.64 18.8±1.5 22.8±2.8 0.93±0.31 0.73±0.27
5 65.5±0.2 2.8±0.4 1.51±0.63 21.2±1.6 26.9±3.3 1.11±0.36 1.08±0.39
6 65.4±0.1 2.6±0.2 1.29±0.37 21.0±1.0 26.5±2.0 0.92±0.19 0.95±0.26
7 65.6±0.1 2.8±0.2 1.85±0.19 17.2±0.4 20.2±0.7 2.17±0.39 4.37±1.16
8 64.8±0.1 3.1±0.2 0.87±0.35 18.1±0.8 21.6±1.5 1.34±0.23 0.91±0.22
9 65.9±0.1 2.6±0.1 1.82±0.16 20.4±0.4 25.3±0.8 1.61±0.19 6.75±1.17
10 66.3±0.1 2.4±0.2 0.70±0.31 21.1±0.8 26.6±1.6 1.09±0.22 2.13±0.52
11 66.4±0.1 2.6±0.2 1.17±0.38 20.8±1.0 26.1±2.0 0.85±0.16 1.34±0.32
12 65.5±0.1 2.5±0.1 1.35±0.23 18.9±0.5 22.8±0.9 1.07±0.12 2.55±0.52
13 66.2±0.1 2.4±0.1 1.07±0.22 17.9±0.5 21.3±0.9 0.94±0.11 2.22±0.42
14 65.8±0.1 2.6±0.2 0.18±0.37 19.8±1.0 24.4±1.9 0.77±0.15 1.44±0.34
15 65.3±0.1 2.3±0.2 1.53±0.27 16.9±0.6 19.6±1.1 0.91±0.19 1.54±0.39
16 65.1±0.1 2.6±0.1 2.04±0.11 17.3±0.2 20.3±0.4 2.02±0.24 8.07±1.27
17 65.5±0.1 2.4±0.1 1.49±0.21 16.6±0.4 19.3±0.7 0.71±0.09 1.23±0.22
18 65.5±0.1 3.9±0.4 0.60±0.27 18.2±0.7 21.8±1.3 1.62±0.40 0.43±0.12
19 65.6±0.1 3.7±0.5 0.52±0.26 20.2±0.7 25.1±1.4 1.51±0.47 0.48±0.16
20 65.3±0.2 4.9±0.3 0.72±0.39 17.1±0.9 20.1±1.6 4.11±0.70 0.47±0.10
21 65.2±0.1 2.8±0.2 1.28±0.26 16.4±0.5 19.0±0.9 1.27±0.23 1.03±0.22
22 66.3±0.3 3.3±0.5 1.42±0.65 20.2±1.6 25.1±3.2 1.26±0.43 0.48±0.18
23 66.4±0.3 3.7±0.6 1.07±0.87 22.6±2.2 29.4±4.8 1.90±0.70 0.43±0.17
be gravitationally bound systems. These results show a consistency
between our (first order) estimate of the virial ratio and the evolu-
tionary stage of the clumps.
3.3.3 IRDCs within bubble in line of sight
Further study on the Centre region of Figure 4 using the integrated
velocity channel maps of the 13CO (1-0) emission reveals which of
these molecular emissions within the N 24 bubble could be associ-
ated with IRDCs (see Fig. 8). The ammonia emissions provide the
approximate VLSR of these IRDC clumps as presented with other
parameters in Table 3. The fitting and calculation methods in Sec-
tion 3.2.1, Section 3.2.2, and Section 3.3.1 were used to derive these
parameters. Although their radial velocities suggest a spatial rela-
tion with the N 24 bubble system, there is no obvious evidence of
interaction between them and the bubble in the available IR data
and molecular emission data. If these clumps were associated with
the bubble, the passing of the expanding bubble would expose the
IRDCs to a strong stellar wind and a strong ultraviolet radiation
field. This would make these heated IRDCs bright at 8 µm. How-
ever, they only appear to be infrared dark clouds in the 8 µm band.
Therefore, we conclude that these IRDCs are not likely to be di-
rectly related to the N 24 bubble system and are (possibly) located
near the walls of N 24 in the foreground or background. Higher
resolution data and precise distance measurements are required to
further clarify their spatial relation with N 24. For the above rea-
sons, these clumps have not (yet) been taken into account as part of
the impact of the expanding bubble on the surrounding regions.
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Figure 9. Mass versus size for twenty-three clumps at different evolution-
ary stages. The black dotted line represents a classic empirical relation of
M(R)/M = 870(R/pc)1.33 serving as a threshold for forming massive stars.
3.4 Star formation in clumps
3.4.1 YSOs associated with 23 clumps
The virial ratio and evolutionary phase for these clumps suggest
that they have formed stars or have the ability to form them. For
the actual formation of massive stars, the classic empirical mass-
size relation of M(R)/M = 870(R/pc)1.33 was found to be an ap-
proximate threshold for massive star formation (Kauffmann & Pil-
lai 2010). For this reason, the mass versus effective radius relation
has been plotted for the 23 clumps in Figure 9 together with the
classical relation. All of our 23 clumps are found to lie above this
MNRAS 000, 1–?? (2018)
Triggered star formation around bubble N 24 9
Figure 10. SED fitting plots for eleven YSOs. In each panel, the black line shows the best fit, and the grey lines show subsequent good fits with χ2 − χ3best 6
3 × Ndata. The filled circles symbolise the input photometry fluxes.
Table 3. Parameters of the seven clumps associated with IRDCs inside the bubble.
Number Clump name Reff Tdust,peak NH2 ,peak Mclump Central velocity Velocity width τ Tkin
(pc) (K) (1022cm−2) 103M (km s−1) (km s−1) (K)
A G 18.974-00.272 0.65±0.03 18.4±1.6 0.37±0.03 0.58±0.08 66.0±0.2 3.0±0.5 0.55±0.62 −
B G 18.945-00.320 0.91±0.04 19.9±1.9 0.30±0.04 0.96±0.14 − − − −
C G 18.904-00.275 0.69±0.03 18.8±1.7 0.46±0.05 0.77±0.11 64.5±0.1 2.7±0.2 0.96±0.28 19.1±1.0
D G 18.836-00.294 0.99±0.04 17.0±1.4 0.99±0.05 1.96±0.21 64.0±0.1 2.1±0.3 0.98±0.44 15.9±1.3
E G 18.805-00.298 1.39±0.06 15.9±1.2 1.11±0.10 5.21±0.60 65.4±0.1 2.3±0.1 3.21±0.21 14.5±0.3
F G 18.849-00.377 1.27±0.06 17.1±1.5 0.56±0.08 3.35±0.43 62.3±0.2 3.1±0.4 − −
G G 18.862-00.419 0.94±0.04 19.3±1.8 0.46±0.06 1.29±0.18 65.5±0.3 3.2±0.3 2.41±0.83 29.2±4.5
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Table 4. Derived parameters of eleven YSOs from the SED best-fit YSO models.
ID SSTGLMC Av Age M? Mdisk Menv M˙env Stage Association
[mag] [yr] [M] [M] [M] [Myr−1]
Y1 G019.0549-00.2117 19.14 6.10×104 9.57 5.02×10−3 1.52×103 2.86×10−3 I Cl.1
Y2 G019.0839-00.2768 25.45 1.38×104 14.61 8.92×10−3 4.56×102 3.30×10−3 I Cl.7
Y3 G019.0762-00.2873 3.90 3.62×103 19.75 0.00 4.10×s102 7.72×10−3 I Cl.7
Y4 G018.8884-00.4741 33.98 3.43×104 12.51 1.06×10−1 2.90×s103 4.60×10−3 I Cl.9
Y5 G018.8921-00.5108 24.69 3.46×104 8.29 8.22×10−3 1.44×103 3.15×10−3 I Cl.11
Y6 G018.8847-00.5095 8.60 2.93×104 10.05 8.13×10−3 1.58×103 2.14×10−3 I Cl.13
Y7 G018.8635-00.4805 0.77 9.13×103 11.11 2.73×10−2 1.03×s102 1.60×10−3 I Cl.12
Y8 G018.8537-00.4834 1.96 3.52×105 6.97 1.81×10−2 2.76×101 7.59×10−6 II Cl.12
Y9 G018.8331-00.4776 15.30 1.41×103 13.69 0.00 1.40×103 6.67×10−3 I Cl.16
Y10 G018.8251-00.4669 17.10 3.95×103 13.38 6.59×10−1 1.08×102 2.21×10−3 I Cl.16
Y11 G018.8120-00.4956 0.75 2.25×104 2.85 6.18×10−2 4.92×102 1.23×10−3 I Cl.16
line and are consistent with being precursors to massive star forma-
tion. In confirmation, Kerton et al. (2013) found intermediate-mass
YSOs ( 2-10 M) close to most of the clumps. However, since Ker-
ton et al. (2013) did not use long-wavelength data, some of the
YSOs buried in the clumps may have gone undetected.
In order to investigate possible YSOs associated with our 23
clumps, eleven point sources at 70 µm obtained from Molinari et al.
(2016) are coincident with seven out of the twenty-three clumps, as
shown in the left of Figure 4. The mass range and evolution of these
YSOs candidate sources follows from the bolometric luminosity
by fitting the spectral energy distributions (SEDs) with the grid
of YSO model SEDs of Robitaille et al. (2006). This model grid
consists of 20,000 two-dimensional Monte Carlo radiation transfer
models using linear regression fits to the multi-wavelength photom-
etry measurements of each given source. As a first step, the photom-
etry data of each candidate YSO clump source were extracted from
the surveys of 2MASS, Spitzer-GLIMPSE, Spitzer-MIPSGAL and
Herschel-HiGAL archives from the IRSA data base2 (i.e., Liu et al.
2018; Das et al. 2016). As a second step, a visual extinction in the
range of 0-40 mag was estimated from the column density map by a
relation of Av = 5.34 × 10−22NH2 , assuming an average (kinematic)
distance of 4.3-4.7 kpc for N 24. The optimum SEDs within a spe-
cific χ2 were returned based on a regression algorithm as presented
in Figure 10, where all other models that satisfy χ2−χ3best 6 3×Ndata
are also shown with Ndata being the number of data points. Sev-
eral calculated key parameters of the fits for the eleven candidate
sources are tabulated in Table 4. According to these parameters,
Robitaille et al. (2006) classified YSOs into three stages:
Stage I has M˙env/M? > 10−6yr−1,
Stage II has M˙env/M? < 10−6yr−1 and Mdisk/M? > 10−6, and
Stage III has M˙env/M? < 10−6yr−1 and Mdisk/M? < 10−6,
where M˙env is the envelope accretion rate, M? is the stellar mass,
and Mdisk is the disk mass. Most of the best-fit model masses are
larger than 8 M, while the evolution stage is almost uniformly at
Stage I. Although two YSOs (Y8 & Y11) have a smaller mass, they
are all clumps that can form massive stars, which is consistent with
our previous evaluation.
3.4.2 Outflow of G 19.07-00.28
The 13CO emission in the region may be used to find outflows from
these star forming regions. In the G 19.07-0.28 region where Y 3 is
2 http://irsa.ipac.caltech.edu/frontpage/
located, we surprisingly find an apparent outflow in the line wing
of the GRS 13CO (1-0) profile, but there are no obvious signs of
outflows in other regions. Figure 11(a) shows the position-velocity
(PV) diagram of G 19.07-0.28 region, which determined the veloc-
ity range of the red and blue lobes. The 13CO (1-0) integrated inten-
sity images of the outflow lobes in Figure 11(b) shows the spatial
extent of the redshifted and blueshifted lobes. Assuming that the
13CO emission is optically thin and that all levels have the same
excitation temperature, we used the equation derived in Garden et
al. (1991) to estimate the total column density:
Ntot(13CO) = 4.56 × 1013 Tex + 0.88exp(−5.29/Tex)
∫
T∗a
ηmb
, (9)
where T ∗a is the observed antenna temperature of
13CO, and ηmb is
the main beam efficiency of 0.48. The excitation temperature Tex is
assumed to be 30 K for the high-mass sources (Shepherd & Church-
well 1996a,b; Beuther et al. 2002; Wu et al. 2004, 2005; Xu et al.
2006). The column density of H2 gas was required to estimate the
outflow masses and a conversion factor [H2/13CO] = 5.0 × 105
was assumed for 13CO lines. The mass for each outflow lobe was
derived via the formula:
Mr/b =
∑
Ntot(13CO)[[H2/13CO]µH2 mHApixel, (10)
where µ = 2.8 is the mean molecular weight, mH is the mass of an
hydrogen atom, and Apixel is the area of each pixel within the out-
flow lobe defined by the lowest (3σ) contours. The mass of each
lobe was obtained by summing over all spatial pixels and the to-
tal outflow mass was obtained by adding the masses of each lobe,
Mout = Mr + Mb. Subsequently, the momentum and kinetic energy
within a velocity channel were calculated for each lobe by:
Pv,r/b =
∑
Mv,pixel × v (11)
Ev,r/b =
∑ 1
2
Mv,pixel × v2 (12)
where v is the velocity of each channel relative to the systemic ve-
locity, and Mv,pixel is the mass for each pixel corresponding to the
emission in that channel. The velocity range for the red and blue
wings of 13CO spectra were estimated to be ∆vr = [66.8, 70] (km
s−1) and ∆vb = [59, 62.5] (km s−1). The total momentum and ki-
netic energy were obtained in a similar manner as for the total out-
flow mass. The dynamical timescale tdyn of the outflow is calculated
as: tdyn = l/v, where l is the separation between the peaks of the
red and blue lobes and v is the mean outflow velocity obtained by
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Figure 11. The outflow in G 19.07-0.28 and YSO candidate Y 3. (a) The
position-velocity (P-V) slice diagram. Contour levels are from 0.6 to 3.8 K
by 0.267 K. (b) Contour maps of the wing emissions integrated over 59.0 to
62.5 km s−1 for the blue wing (blue dashed line) and 66.8 to 70.0 km s−1 for
the red wing (red solid line), respectively. Both blue and red contours start
from 10σ and increase by 0.5σ. The green pentagram indicates the position
of YSO candidate Y3.
Pout/Mout. The mass rate of the outflow, the mechanical force, and
the mechanical luminosity of the molecular outflow are derived as:
M˙out = Mout/tdyn, (13)
Fout = Pout/tdyn, (14)
Lout = Eout/tdyn, (15)
Finally, we presented the computed results of Mr, Mb, Mout, Pout,
Eout, tdyn, M˙out, Foutand Lout as 291.01 ± 56.98 M, 214.50 ± 42.50
M, 505.51 ± 99.48 M, 1825.60 ± 331.81 Mkm s−1, 71.35 ( ±
14.04) × 1045 ergs, 13.00 ( ± 3.48) × 104 yr, 38.35 ( ± 12.74) ×
10−4 Myr−1, 138.51 ( ± 44.82) × 10−4 Mkm s−1yr−1, and 4.54
± 1.51 L, respectively. These values are consistent with the mean
value for a large sample of massive star-forming regions (Li et al.
2018).
3.5 Triggered star formation scenario
In order to find out whether fragmentation can really be produced
by the collected material, we estimated the fragmentation time of
the collected layer following (Whitworth et al. 1994):
tfrag = 1.56(
αs
0.2
)7/11(
NLyc
1049
)−1/11(
n0
103
)−5/11, (16)
where αs is the turbulent velocity, NLyc is the Lyman continuum
photon flux, and n0 is the original ambient density. The NLyc can be
estimated following (Kurtz et al. 1994):
NLyc = 7.588 × 1048( TeK )
−0.5(
ν
GHz
)0.1(
S ν
Jy
)(
D
kpc
)2, (17)
and using ν = 1.4 GHz, Te = 7500 K, S ν = 40 Jy and D = 4.5 kpc
given by Kerton et al. (2013), we find value of NLyc = 7.34 × 1049
photons s−1. To estimate n0, the total mass distributed within the
shell was taken as the sum of the masses of the 23 detected clumps
(at the right of Figure 4), which is ∼ 63000 M. Added to this
should be the mass of the ionised component (∼ 7000 M), which
was estimated via Mion = 4/3pir3HIInemp, where rHII is taken to be the
radius of the bubble, ne is the electron density of ∼ 20 cm−3 (Kerton
et al. 2013), and mp is the proton mass. Assuming that N 24 has a
spherical structure, we found n0 = 2.01 × 102 cm−3. Using the typ-
ically adopted range for the turbulent velocity αs = 0.2-0.6 km s−1,
we then obtained a fragmentation time range tfrag = 2.70−5.44 Myr.
It should be noted that the stellar winds have not been taken into ac-
count in the estimate of the fragmentation time. Therefore, the time
derived from Equation (17) will be an overestimate. Given this un-
certainty, the fragmentation time-scale is considered comparable to
the dynamical age of tdyn = ∼ 1.5-4.0 Myr (Kerton et al. 2013) of the
HII region. This suggests that the collected molecular cloud has had
enough time to fragment into molecular cores during the lifetime
of N 24. In addition, the spatial distribution of YSOs (see Figure 10
in Kerton et al. 2013) and clumps show an overabundance on the
bubble rim relative to the surrounding ISM. Combined with the ex-
istence of ionization compression and an overabundance of YSOs
and clumps, the time-scales demonstrate that the C & C mecha-
nism is a possible scenario for the star formation at the periphery
of N 24. However, since the IRDC clumps exist on the SW edge of
the bubble (see Fig. 4 (right)), we cannot ignore the possibility that
the RDI mechanism may have been at work there.
4 SUMMARY
We have presented a multi-wavelength investigation towards the
large Galactic IR bubble N 24 to analyse the physical properties of
the dust and gas therein and to explore the possibility of triggered
star formation by combining archival survey data with our molec-
ular line observations by NSRT. The main results of our study are
summarised as follows:
(1) The infrared structure and the distribution of the molecu-
lar emissions show that the two main regions of G 19.07-0.28 and
G 18.88-0.49 in the N 24 shell are consistent with star formation
triggered by the expanding bubble. As a result of the feedback from
massive stars, some new bubbles have already formed in these two
regions, which further affect the environs therein.
(2) Several filamentary structures of IRDCs appear in absorp-
tion at 8 µm and are clearly visible in the far-infrared images from
Herschel with widespread wavelength coverage and at high resolu-
tion. We estimated the VLSR of the IRDCs inside the bubble in order
to determine the association of these clumps, but we could not ac-
curately determine their spatial correlation with the N 24 bubble
from the available data.
(3) There is an anti-correlation between the distribution of the
dust temperature and the column density in clumps, which may be
attributed to a lower penetration of the external heating from the
H ii region into the dense regions.
(4) We found 23 dense dust clumps in the column density dis-
tribution map using the Clumpfind2d algorithm, which are almost
all distributed along the bubble shell. These clumps have a mean
size of 0.92 ± 0.06 pc, a mean peak temperature of 20.8 ± 0.5 K, a
mean column density of 0.86 ( ± 0.19) × 1022 cm−2, a mean mass
of 2.66 ( ± 0.81) ×103 M, and a mean volume density of 7.75
( ± 0.46) × 103 cm−3. The column density and volume density of
clumps affected by second generation bubbles are larger than for
others, indicating that these second generation bubbles are also ex-
panding and sweeping up material.
(5) We classified the 23 dust clumps according to their evolu-
tionary stage. The values of the virial ratio of clumps in a proto-
stellar stage and most of those in the H ii stage are significantly
larger than unity, which indicates that these are likely to be gravita-
tionally bound systems and will collapse to form stars.
(6) The mass-size distribution of the dense clumps suggests
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that they all could form massive stars. The SED fitting results of
the eleven identified YSOs indicate that nine of these have a mass
above 8 M.
(7) The G 19.07-0.28 region is found to contain an H ii region
and a massive star Y 3 and the parameters of the apparent outflow
have been derived from the line wings of the GRS 13CO (1-0) emis-
sion.
(8) The compatibility of the dynamical and fragmentation
time-scales and the overabundance of YSOs and clumps on the rim
suggest that the C & C mechanism is in play at the boundary of the
bubble, but the co-existence of the IRDC at the edge of the bubble
indicates that RDI may also play a role here.
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